Abstract Polymorphisms in the ATP binding cassette (ABC) transporters ABCG5 and ABCG8 are related to plasma plant sterol concentrations. It is not known whether these polymorphisms are also associated with variations in serum plant sterol concentrations during interventions affecting plant sterol metabolism. We therefore decided to study changes in serum plant sterol concentrations with ABCG5/G8 polymorphisms after consumption of plant stanol esters, which decrease plasma plant sterol concentrations. Cholesterolstandardized serum campesterol and sitosterol concentrations were significantly associated with the ABCG8 T400K genotype, as were changes in serum plant sterol concentrations after consumption of plant stanols. The reduction of ؊ 57.1 ؎ 38.3 10 2 ؋ mol/mmol cholesterol for sitosterol in TT subjects was significantly greater compared with the ؊ 36.0 ؎ 18.7 reduction in subjects with the TK genotype ( P ‫؍‬ 0.021) and the ؊ 16.9 ؎ 13.0 reduction in subjects with the KK genotype ( P ‫؍‬ 0.047). Changes in serum campesterol concentrations showed a comparable association. No association with serum LDL cholesterol was found. Genetic variation in ABCG8 not only explains cross-sectional differences in serum plant sterol concentrations but also determines a subject's responsiveness to changes in serum plant sterols during interventions known to affect plant sterol metabolism. -Plat, J., M. C. E. Bragt, and R. P. Mensink. Despite the fact that Western diets provide approximately the same amounts of plant sterols and cholesterol, plasma concentrations of cholesterol are much higher. This is partly attributable to the very low absorption rates of plant sterols, which are less than 2% for campesterol and less than 1% for sitosterol, the two most abundant plant sterols in nature (1). In contrast, cholesterol absorption varies between 30% and 80% (2).
Despite the fact that Western diets provide approximately the same amounts of plant sterols and cholesterol, plasma concentrations of cholesterol are much higher. This is partly attributable to the very low absorption rates of plant sterols, which are less than 2% for campesterol and less than 1% for sitosterol, the two most abundant plant sterols in nature (1) . In contrast, cholesterol absorption varies between 30% and 80% (2) .
Two recently discovered ATP binding cassette (ABC) transporters, ABCG5 and ABCG8, play an important role in the regulation of intestinal plant sterol absorption by excreting plant sterols that have already been taken up from the enterocyte back into the intestinal lumen (3). ABCG5 and ABCG8 are half-transporters that function together as a heterodimer. Formation of a heterodimer is an absolute necessity to direct the ABCG5/G8 heterodimer from the endoplasmic reticulum to the apical membrane (4) . This feature explains earlier observations that mutations in only one of the half-transporters already causes the rare inheritable autosomal recessive disease sitosterolemia (5) (6) (7) . Sitosterolemic patients are characterized by severely increased serum plant sterol concentrations, normal to moderately increased serum cholesterol concentrations, and a high risk to develop coronary heart disease at a very young age (8, 9) . Although not generally accepted, several studies have suggested that increased concentrations of plant sterols are a risk factor for premature atherosclerosis in sitosterolemic patients (10) (11) (12) and even in nonsitosterolemic subjects (13, 14) . Besides the various rare mutations in ABCG5 or ABCG8 as observed in sitosterolemic patients (15) , more common sequence variations in both half-transporters, without the sitosterolemic phenotype, have been described. These polymorphisms in ABCG5 and ABCG8 are related to serum plant sterol concentrations (16) . It is not known, however, whether these genetic variations are also associated with variations in serum plant sterol concentrations during interventions known to affect plant sterol metabolism. We therefore decided to examine the relationships between changes in serum plant sterol concentrations with ABCG5 and ABCG8 polymorphisms after consumption of plant stanol esters, which are known to decrease plasma plant sterol concentrations. Despite the clear association between ABCG5 and ABCG8 and intestinal plant sterol absorption, the role of ABCG5 and ABCG8 in cholesterol absorption is controversial (3, (17) (18) (19) . Therefore, a second aim of the present study was to look for associations between ABCG5 and ABCG8 polymorphisms with changes in LDL cholesterol after consumption of plant stanol esters.
MATERIALS AND METHODS

Subjects, diets, and design
Details of the study have been described before (20, 21) . In brief, 112 healthy nonhypercholesterolemic volunteers ( Table 1 ) were asked to replace during a 4 week run-in period their habitual margarines and baking fats for a low-erucic acid rapeseed oilbased margarine and shortening. For the next 8 weeks, subjects were randomly allocated, stratified for gender and age, to one of three intervention groups. The control group (N ϭ 42) continued to use the rapeseed oil-based margarine and shortening, and the second and third groups used the same margarine and shortening to which a vegetable oil-based (N ϭ 36) or a wood-based (N ϭ 34) plant stanol ester mixture was added. The compositions of the experimental products have been described in detail elsewhere (22) . The margarine was used at breakfast and lunch, and the shortening was used at dinner. During the intervention period, daily intake of plant stanols in the vegetable oil-based group was 3.8 Ϯ 0.6 g (mean Ϯ SD) and in the wood-based group was 4.0 Ϯ 1.8 g. Plant stanols were esterified with fatty acids from rapeseed oil. All experimental products were prepared by the Raisio Group (Raisio, Finland). Energy intake and the proportions of energy from carbohydrates, fatty acids, and protein, as well as cholesterol and fiber intakes, did not change during the study (20) .
Blood sampling and DNA isolation
At the start of the study (day 1), blood was sampled in a 10 ml EDTA tube (Monoject sterile; Sherwood Medical, Ballymoney, Northern Ireland), which was used for DNA isolation (23) . At the end of the run-in period (weeks 3 and 4) and at the end of the experimental period (weeks 11 and 12), blood was sampled in a 10 ml clotting tube (CORVAC integrated serum separator tube; Sherwood Medical Co., St. Louis, MO) after an overnight fast. Subjects abstained from drinking alcohol on the day preceding, and from smoking on the morning of, blood sampling. Serum was prepared by centrifugation at 2,000 g for 30 min at 4 Њ C, minimally 1 h after venipuncture, and aliquots were stored directly at Ϫ 80 Њ C for analysis of serum lipids, lipoproteins, plant sterols, plant stanols, and cholesterol precursor concentrations at the end of the study (20, 21) .
Analysis of genetic variation in ABCG5 and ABCG8
For this study, we decided to evaluate only associations between serum plant sterols, lipids, and lipoproteins with single nucleotide polymorphisms (SNPs) in ABCG5/G8 with a published population frequency of Ͼ 10%. Otherwise, the number of subjects in a genotype group could become too low for meaningful statistical analyses. In addition, we have chosen to use only those SNPs that showed a significant cross-sectional association with serum plant sterol or LDL cholesterol concentrations in earlier studies. These criteria resulted in the selection of three SNPs: ABCG8 T400K, ABCG8 A632V, and ABCG5 Q604E.
Genotyping of exons 8 and 13 from ABCG8 and of exon 13 from ABCG5 was performed by analysis of restriction fragment length polymorphisms, as described (15) . In brief, PCR amplifications were performed in 20 l volumes containing 350 ng of genomic DNA, 25 pmol of each nucleotide primer (Sigma Genosys, Cambridge, UK), 1 unit of Taq polymerase (Pharmacia Biotech, Roosendaal, The Netherlands), 0.2 mM of each deoxynucleoside triphosphate (Pharmacia Biotech, Roosendaal, The Netherlands), and 1.5 mM MgCl 2 . Before amplification, each sample was denatured for 5 min at 95 Њ C. For ABCG8 genotyping, each of the following 30 cycles consisted of 15 s at 96 Њ C (denaturation), 15 s at 60 Њ C (primer annealing), and 30 s at 72 Њ C (extension), followed by 10 min at 72 Њ C (elongation). For ABCG5 genotyping, the program was slightly modified in that annealing occurred for 30 s at 60 Њ C and no elongation step was used. PCR products were digested with specific restriction enzymes, and the DNA fragments obtained were electrophoresed for 1.5 h at 125 V on a 2.5% agarose gel containing Gelstar (Sanvertech, Heerhugowaard, The Netherlands). DNA fragments were visualized by ultraviolet light at 312 nm using a Wratten gelatin filter on a VDS Imagemaster (Pharmacia Biotech, San Francisco, CA). Sequences of the primers have been described (15) . The restriction enzymes (New England Biolabs, Beverly MA) used were Mse I and Nco I for ABCG8 exons 8 and 13, respectively, and Xmn I for ABCG5 exon 13.
Statistics
Because of the limited number of subjects, and because plant sterol concentrations were not significantly different, heterozygous and homozygous carriers of the genetic variants [ABCG8 T400K (TK ϩ KK), ABCG8 A632V (VV ϩ VA), and ABCG5 Q604E (QE ϩ EE)] were combined before data analysis. Excluding the homozygous carriers did not affect the conclusions. Linkage disequilibrium was evaluated according to standard procedures and reported as D Ј values.
At the end of the run-in period, cross-sectional differences in metabolic parameters between genotype groups were compared with an unpaired t -test. When significant, the three genotype groups were also compared using ANOVA with Bonferroni correction to Values shown are absolute frequencies (with relative frequencies in parentheses).
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In a search for gene-diet interactions, changes in metabolic parameters were calculated for each subject as differences between values of the experimental period and the run-in period. Because responses in serum lipoprotein and plant sterol and stanol concentrations were not different between the two experimental groups (20, 21) , results of the vegetable oil-based and the woodbased plant stanol ester groups were combined (N ϭ 70). Effects of genotype on these responses were examined with an unpaired t -test. Again, allele dose-dependent relationships were examined by ANOVA plus Bonferroni correction.
Because cross-sectional studies (16) have reported that individuals with the TT genotype have higher cholesterol-standardized plasma plant sterol concentrations, we chose not to use analysis of covariance with values from the experimental period as dependent variables and genotype and baseline plant sterol concentrations as independent variables. The two latter parameters are mutually dependent, which creates the possibility of introducing collinearity into the statistical model. All statistical analyses were performed with Statview 4.5 (24) .
RESULTS
Frequency distributions for the genotypes in exons 8 (T400K) and 13 (A632V) of ABCG8 and in exon 13 (Q604E) of ABCG5 are shown in Table 2 . All genotype frequency distributions were in Hardy-Weinberg equilibrium. Significant linkage disequilibrium was found for two of three pairs of the three polymorphisms analyzed ( Table 3 ). At the end of the 4 week run-in period, serum concentrations of LDL cholesterol, HDL cholesterol, and triacylglycerol in all subjects (N ϭ 112) were 2.95 Ϯ 0.78, 1.59 Ϯ 0.38, and 0.92 Ϯ 0.52 mmol/l, respectively. Serum concentrations of plant sterols, plant stanols, and lathosterol at the end of the run-in period are shown in Table 4 .
Next, associations between the different genotypes and serum plant sterol concentrations, both absolute ( mol/l) and cholesterol-standardized (10 2 ϫ mol/mmol cholesterol), were evaluated. Analysis of absolute and cholesterolstandardized ratios gave similar results, so in the following analysis only serum cholesterol-standardized ratios were used. Both cholesterol-standardized serum campesterol and sitosterol concentrations were associated with the ABCG8 (Table 4) . Moreover, this relationship was allele-dependent (Fig. 1) . The association with cholesterol-standardized serum lathosterol concentrations nearly reached statistical significance (P ϭ 0.053). Differences for cholesterol-standardized serum plant stanol (sitostanol and campestanol) concentrations between the different genotypes never reached statistical significance (Table 4) . No associations were found between the polymorphisms in the ABCG8 gene with serum lipids and lipoproteins. Subjects with the QQ genotype (ABCG5 Q604E) showed significantly higher serum LDL cholesterol concentrations compared with QE/EE subjects ( Table 5 ).
In the 70 subjects who consumed the plant stanol esterenriched margarines, cholesterol-standardized serum campesterol and sitosterol concentrations decreased, whereas those of lathosterol increased, compared with the control group ( Table 6 ). These changes indicated that plant stanol ester consumption decreased cholesterol absorption and increased cholesterol synthesis, which is in agreement with the known underlying mechanism. As a consequence, LDL cholesterol concentrations were significantly decreased. HDL and triacylglycerol concentrations were not affected ( Table 7) . Changes in cholesterol-standardized serum campesterol and sitosterol concentrations were significantly associated with the ABCG8 T400K polymorphism (Table 6 , Fig. 1 ). The decrease of Ϫ116.7 Ϯ 76.5 10 2 ϫ mol/mmol cholesterol for campesterol in TT subjects was significantly different from the change of Ϫ75.4 Ϯ 46.9 10 2 ϫ mol/mmol in subjects with the TK/KK genotype [P Ͻ 0.05; 95% confidence interval (CI), Ϫ76.0 to Ϫ6.6 10 2 ϫ mol/mmol cholesterol]. The reduction of Ϫ57.1 Ϯ 38.3 10 2 ϫ mol/mmol cholesterol for sitosterol in TT subjects was also larger compared with the reduction of Ϫ33.5 Ϯ 19.0 10 2 ϫ mol/mmol cholesterol in subjects with the TK/KK genotypes (P Ͻ 0.01; 95% CI for the difference in changes, Ϫ40.5 to Ϫ6.7 10 2 ϫ mol/ mmol cholesterol). Additional analysis to evaluate the association between the three different genotype groups of the ABCG8 T400K polymorphism (TT, TK, and KK) with changes in serum plant sterol and lipoprotein concentrations suggested an allele-dependent relation for both cholesterol-standardized serum campesterol and sitosterol concentrations (Fig. 1) . The reduction of Ϫ57.1 Ϯ 38.3 10 2 mol/mmol cholesterol for sitosterol in TT subjects was significantly greater compared with the Ϫ36.0 Ϯ 18.7 in subjects with the TK genotype (P ϭ 0.021; 95% CI, Values shown are means Ϯ SD and were analyzed after a 4-week period of consumption of rapeseed oil-based margarine and shortening.
by guest, on September 8, 2017 www.jlr.org Downloaded from Ϫ39.1 to Ϫ3.1 10 2 ϫ mol/mmol cholesterol) and the Ϫ16.9 Ϯ 13.0 in subjects with the KK genotype (P ϭ 0.047; 95% CI, Ϫ85.2 to Ϫ4.8 10 2 ϫ mol/mmol cholesterol). Changes in serum campesterol concentrations showed a comparable association pattern with the ABCG8 T400K genotype. No statistically significant relationships between the ABCG8 and ABCG5 polymorphisms with changes in serum plant stanol (Table 6) , lipid, and lipoprotein (Table 7) concentrations were found.
DISCUSSION
Serum plant sterol concentrations vary widely between individuals (14, 25) but are rather stable over time for a given individual (16, 26) . This suggests a strong effect of genetic background on plant sterol metabolism and heritability; indeed, it explains more than 80% of the variability in serum plant sterol concentrations between individuals (16) . In agreement, we also found that genetic variation in ABCG8 explained a part of this variability. Our study further showed that subjects with the highest plant sterol concentrations (ABCG8 exon 8, TT genotype) had the largest reduction in serum plant sterol concentrations during consumption of plant stanol esters (Fig. 1) . These findings indicate that the functionality of the ABCG5/G8 heterodimer is reduced in subjects with the ABCG8 TT genotype. This may result in decreased transport of plant sterols out of the enterocytes back into the intestinal lumen or from the hepatocytes into bile, and ultimately in increased serum plant sterol concentrations. Why these subjects also showed the largest decrease in serum plant sterol concentrations after consumption of plant stanols is more difficult to explain. It is known that serum plant sterol concentrations are decreased by consumption of plant stanol esters (27) (28) (29) , probably because plant stanols compete with sterols for incorporation into mixed micelles and hence for uptake into the enterocytes. As plant sterol uptake is not mediated by ABCG5/G8, the lower flux of plant sterols into the enterocyte during plant stanol ester consumption does not depend on the ABCG8 genotype. However, if ABCG8 transports the same proportion of plant sterols out of the enterocytes and hepatocytes into the lumen and bile, respectively, as before plant stanol ester TABLE 6 . Relationships between genetic polymorphisms in ABCG8 and ABCG5 with changes in absolute and cholesterol-standardized serum noncholesterol sterol concentrations after consumption of plant stanol esters Values shown are means Ϯ SD. Changes in all parameters were calculated as the difference between values at the end of the run-in period (weeks 3 and 4) and the experimental period (weeks 11 and 12) .
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consumption, it can be calculated that the circulating concentrations of plant sterols in subjects with the TT genotype (with a lower ABCG8 activity) may decrease to a greater degree than in other subjects. More detailed studies on the effects of the functional consequences of the T400K polymorphism on plant sterol metabolism are needed, which can be obtained through the development of specifically designed cell or transgenic animal models carrying this genetic variation. Concerning the potential functionality of the different genotypes, it should be remarked that the polymorphic site of the ABCG8 T400K polymorphisms is located in a coding region but is predicted not to contain a transmembrane domain, a signature, or a Walker motif (15) . As none of the polymorphisms showed any relationship with (changes in) serum lipid or lipoprotein concentrations, our data suggest that ABCG8 and ABCG5 do not determine the serum lipoprotein profile. This agrees with observations in mice fed chow diets containing 2% cholesterol. In these animals, it was found that disruption of the ABCG8 and ABCG5 genes increased the fractional absorption of dietary plant sterols but not of cholesterol (3, 18, 19) . As a result, serum and hepatic plant sterol concentrations were dramatically increased in ABCG5 Ϫ/Ϫ /G8 Ϫ/Ϫ (3, 18) and ABCG5 Ϫ/Ϫ (19) mice, whereas serum cholesterol concentrations were not changed. Cholesterol concentrations in the liver were increased, however, which was attributable to a disturbed biliary cholesterol secretion. Unfortunately, biliary plant sterol secretion was not measured in that study, but in view of the increased hepatic plant sterol levels it is likely that biliary plant sterol secretion was disturbed as well. In agreement with these findings, Yu et al. (17) reported that overexpression of ABCG8 and ABCG5 significantly decreased serum plant sterol concentrations, whereas serum cholesterol concentrations were again not different between transgenic and wild-type mice. In contrast to what could be expected from the studies with the ABCG5 Ϫ/Ϫ /G8 Ϫ/Ϫ mice, it was reported that these transgenic mice showed a 50% reduction in fractional cholesterol absorption. As discussed by the authors, however, the reduced fractional cholesterol absorption may be secondary to the increased delivery of biliary cholesterol to the intestinal lumen from the liver. Therefore, the question remains whether total intestinal cholesterol absorption is also decreased. In addition, biliary cholesterol levels increased 5-to 7-fold, whereas hepatic cholesterol concentration remained unchanged. The unchanged hepatic and serum cholesterol concentrations could be explained by a counteractive 2-to 4-fold increase in hepatic cholesterol synthesis. Therefore, results in ABCG5/G8 knockout and overexpressing mice showed that ABCG5 and ABCG8 affect serum plant sterol concentrations but not those of cholesterol. In addition, it seems that ABCG8 and ABCG5 play a role in the intestinal absorption of plant sterols, whereas hepatic ABCG8 and ABCG5 are involved in the excretion of cholesterol into bile and possibly also of plant sterols.
Weggemans et al. (30) found that subjects with the ABCG5 Q604E EE genotype had higher serum cholesterol concentrations than carriers with the Q allele. Responses to dietary treatments, however, were not related to this genotype. Other studies did not observe any associations between these polymorphisms with serum lipid concentrations (16, 31, 32) , although we found a significantly higher serum LDL cholesterol concentration in subjects with the QQ genotype compared with carriers of the E allele. In a recent study, a statistically significant association was observed between the ABCG8 D19H polymorphism and the proportional reduction in LDL cholesterol during atorvastatin treatment (31) . In this respect, Gylling et al. (32) recently showed that the higher efficacy of atorvastatin treatment in DH/HH subjects found earlier (31) might be related to the higher endogenous cholesterol synthesis and lower cholesterol absorption in these subjects compared with DD wild types. As statin treatment may increase plasma plant sterol concentrations (10) (11) (12) , it would have been interesting to know if changes in serum plant sterol concentrations during atorvastatin treatment were also related to this polymorphism in the ABCG8 gene. Taken together, these studies have not revealed a consistent relationship between ABCG5 or ABCG8 genotypes with serum lipid or lipoprotein concentrations. Furthermore, the observation that the T400K polymorphism in ABCG8 is associated with changes in plant sterol levels with stanol ester treatment, but not with changes in the cholesterol levels, suggests that individual variation in the cholesterol-lowering efficacy of plant stanols is not strongly determined by the magnitude of the reduction in intestinal cholesterol absorption achieved.
Our data indicate that the ABCG8 genotype can predict to what extent serum plant sterol concentrations change after interventions. In our study, plasma plant sterol concentrations decreased, although increases in cholesterolstandardized serum plant sterol concentrations are possible after treatment with statins (10) and consumption of functional foods enriched with plant sterol esters (27, 33) . Values shown are means Ϯ SD. Changes in all parameters were calculated as the difference between values at the end of the run-in period (weeks 3 and 4) and the experimental period (weeks 11 and 12).
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Whether these increases also relate to the ABCG8 genotype may be relevant to know. In the Scandinavian Simvastatin Survival Study, for example, it was found that changes in plasma plant sterol concentrations after 5 years of treatment were positively related to baseline values. More importantly, however, recurrence of coronary events during simvastatin treatment was not reduced in subjects from the highest quartile of plasma sterol concentrations at baseline, despite the fact that reductions in serum total cholesterol concentrations were comparable in all quartiles (10, 12) . These observations do not prove that increased plant sterol concentrations counteract the beneficial effects of statins on cardiovascular risk. However, it would be interesting to know if subjects with the ABCG8 TT genotype were overrepresented in this quartile. If so, then more research is needed to examine whether this drug-genotype interaction should have consequences for optimizing individual-based treatment of hypercholesterolemia.
In conclusion, serum cholesterol-standardized campesterol and sitosterol concentrations, as well as their changes after consumption of plant stanol-enriched foods, are related to a variation in the ABCG8 gene that is present in ‫%07ف‬ of the population. No relationship with serum lipid and lipoprotein concentrations was observed. This suggests that changes in the functionality of the ABCG5/G8 heterodimer mainly affects plasma sterol concentrations, but not those of cholesterol. However, these conclusions need to be confirmed in other studies with other population groups. Whether these findings should have consequences for a patient's optimal cholesterol-lowering drug treatment warrants further investigation.
